Abstract In this mini-review, we summarize the photochemical approaches for developing high-throughput carbohydrate microarray technologies. Newly established methods for photo-immobilizing unmodified monosaccharides, oligosaccharides and polysaccharides onto photoactive surfaces and coupling of photoactive carbohydrates onto polymer surfaces are reviewed.
Sugar chains in living organisms are structurally diverse and characteristically suitable for storing and presenting bio-signals for specific molecular recognition [1] [2] [3] . In many physiological and pathophysiological conditions, expression of cellular glycans, in the form of either glycoproteins or glycolipids, is differentially regulated. Characteristic patterns of complex carbohydrates are frequently associated with the stages or steps of embryonic development and cell differentiation, as well as transformation of normal cells to abnormally differentiated tumor or cancer cells [3] [4] [5] [6] [7] . Sugar moieties are also abundantly expressed on the outer surfaces of the majority of viral, bacterial, protozoan and fungal pathogens. Many sugar structures are pathogen-specific, which makes them important molecular targets for pathogen recognition, diagnosis of infectious diseases, and vaccine development [8] [9] [10] [11] .
Developing microarray-based high-throughput technologies for structural and immunological characterization of carbohydrates has been one of the focused efforts in the areas of post genomics research and technology development [1, [11] [12] [13] [14] [15] [16] [17] [18] [19] . In the past few years, relatively nascent carbohydrate microarray technologies began to show their potential in biomedical applications. This is highlighted by rapid identification and characterization of immunogenic sugar moieties of SARS-CoV [20] , HIV-1 [14] and anthrax spores [21] , as well as fine specificity studies of carbohydrateprotein interactions of biomedical importance [22, 14, 16] .
Recently, photochemical methods have shown great potential in the field of carbohydrate microarrays as they have produced some of the earliest examples of covalently bound microarrays that do not require chemical modification of the carbohydrates. Photochemical methods are an important emerging route to patterning substrates for various materials or biomaterials applications as photochemical surface modification can be spatially controlled using a photomask [23, 24] . Such photolithographic processes allow micro-and nanometer sized shapes to be patterned on a surface directly without the requirement of mechanical processes such as stamping [25] . Photochemical immobilization and patterning of biological molecules on a surface is well-known [26] , although few reports have focused on carbohydrates. Aside from being amenable to standard patterning techniques, photochemistry also provides a clean method of surface derivatization in that many reactions require only photons as a reagent. In addition, the absorption of photons allows for chemicals that are normally not reactive to form new carbon-carbon bonds.
Photo-immobilization of carbohydrates onto aromatic ketones
Surfaces functionalized with aromatic ketones have been used to photoimmobilize a variety of biological molecules. Ketones are well-known chromophores that can participate in hydrogen abstraction reactions [27] . When an appropriate ketone is irradiated with UV light, the excited n−π * state of the ketone intersystem crosses to the triplet state, from which it can abstract a hydrogen atom from a nearby donor to create radicals as shown in Fig. 1 . Note that other processes can compete with hydrogen abstraction including phosphorescence, internal conversion and other photochemical reactions including electron transfer, addition to a double bond, α-cleavage and β-cleavage. The photogenerated radical can recombine to form various products. When the ketone is bound to a surface, recombination of a given radical with the ketone will covalently bind the molecule to the surface. Although direct proof of covalent bond formation is difficult to prove unequivocally due to the low number of molecules on the surface and limited number of surface spectroscopic techniques for characterizing the formation of carbon-carbon bonds, substrates composed of aromatic ketones have been shown to stabilize a variety of biological and synthetic polymers [28] [29] [30] .
Recently, photoactive surfaces that incorporate surfacebound phthalimide chromophores have been applied to fabricate carbohydrate microarrays. Phthalimide derivatives are a class of aromatic ketones that are known to undergo all the major photochemical reactions of ketones [31] . Their salts can be easily incorporated into halogenated molecules and the commercial availability of halogenated silanes allows for a one-step synthesis of an appropriate heterobifunctional molecule for self-assembly onto an appropriate substrate as shown in Fig. 2a . Self-assembled phthalimide monolayers have been prepared on glass, Si and quartz substrates [32] . Irradiation of spin-coated films of polysaccharides, disaccharides and monosaccharides on the phthalimide monolayer results in a stable binding of the carbohydrates presumably by a covalent bond formed by hydrogen abstraction followed by radical recombination.
Microarrays can be constructed by using a spotter to deliver carbohydrates to the photoactive surface followed by UV illumination. The propensity for physisorption and subsequently the yield of the photo-immobilization reaction can be increased substantially by modifying the surface energy of the substrate such that the capillary interactions between the spotter containing aqueous carbohydrate solution and the photoactive surface favor wetting of the solution. Incorporation of aminopropyltrimethoxy silane into a phthalimide-derivatized surface (Fig. 2b) provides a more favorable substrate for spotting carbohydrates and results in a stable photo-immobilization of the carbohydrates onto the chip after irradiation. Photo-immobilized α1-6 dextran polysaccharides were shown to retain their antigenic reactivity toward an anti-dextran monoclonal antibody (16. 4. 12E), which is specific for the terminal non-reducing ends of the polysaccharide [33] . However, spotted mono-and oligosac- Fig. 1 Upon absorption of a photon, ketones can abstract a hydrogen atom from an appropriate donor, forming radicals that can recombine to form carbon-carbon bonds charide arrays showed differential activities with the lectin Concanavalin A (Con A). This lectin is Man-and/or Glcspecific and requires the C-3, C-4, and C-5 hydroxyl groups of the Man or Glc ring for binding. Photo-coupled oligosaccharides with three (IM3), five (IM5), and seven glucoses (IM7) are reactive to Con A on the photoactive surface but not on a nitrocellulose-coated slide. By contrast, none of the spotted monosaccharides were reactive to the lectin on these surfaces.
Given that this method of photocoupling can target any CH-group on the sugar rings with varying specificity depending on the structure of the ring [34, 35] , there is a possibility that the site of covalent attachment may interfere significantly with lectin binding to the monosaccharides Man and Glc. The limited specificity of the reaction and the lesser amount of saccharide epitopes present for smaller carbohydrates reduces the probability that a biologically active epitope presents itself at the air-monolayer interface. It is interesting to note that another method that allows for underivatized carbohydrates to be covalently immobilized via a chemical reaction with a hydrazide monolayer similarly was unable to properly display some monosaccharides for lectin recognition [36] . For example, Con A was not able to recognize mannose, glucose and N-acetylglucosamine. The lack of biological activity was attributed to an improper β-configuration at the anomeric position.
Although the degree of selectivity of the surface photoimmobilization reaction is unknown, studies of hydrogen abstraction towards carbohydrates in solution have been performed and provide insight into what may occur on the surface. Care should be exercised in applying such information to surface reactions however, since surface effects such as the orientation of reactants can affect reactions. Using model compounds, such as tetrahydrofuran (THF), it has been shown that hydrogen abstraction reactions occur preferentially at the anomeric center [37] . The selectivity of the reaction is due to stabilization of the resulting radical by the electron donating oxygen atom. When actual carbohydrates are used, the degree of selectivity has in some cases been found to be dependent on substituents. Time resolved EPR experiments have shown that the photo-excited triplet of acetone attacks hydrogens in the C 1 -C 4 positions preferentially on glucose, galactose, xylose and maltose [34] . The reaction of hydroxyl radicals with carbohydrates has also been studied using EPR [35] . Although hydroxyl radicals may show different reactivity than photogenerated triplets in a given system, they do provide insight into radical reactivity towards the various carbohydrate C-H groups. For example, hydrogen abstraction from carbons in the pyranose ring and linked by glycosidic bonds in dextran polysaccharides was found to be inhibited. Additionally, abstraction from galacturonan and D-galacturonic acid were found to occur dominantly on the carbon atom adjacent to the carboxyl group. Based on these studies the excited phthalimide is expected to attack the accessible C-H groups of an adsorbed carbohydrate indiscriminately, if the only other substituents are OH groups. Addition of other substituents may favor selectivity. The type of reaction occurring may also change when electron-donating heteroatoms are introduced into the carbohydrate. For example, amine-containing glycans may undergo an electron transfer reaction with a phthalimide. Note that phthalimide electron transfer reactions have been shown to render regioselective product formation for some systems [38] . The affect of the surface on reaction products and selectivity is currently unknown. Additionally, the aminopropyl silanes mixed into the surface may also affect the reaction. For example, a Fig. 2 Photoactive surfaces allow for adsorbed carbohydrates to bind to the surface. a A phthalimide self-assembled monolayer can bind underivatized carbohydrates to the surface most likely by hydrogen abstraction followed by radical recombination. b A phthalimideamine mixed surface enhances carbohydrate adsorption to the surface when a robotic spotter is used. Subsequent irradiation binds the sugars to the surface. c An aziridine derivatized polysaccharide film can bind spotted carbohydrates to the surface after irradiation by forming a carbene that reacts with adsorbed sugars. Carbohydrates immobilized on surfaces (b and c) have been shown to recognize appropriate antibodies and lectins competing primary process may be electron abstraction from an amine. In any case, the phthalimide-amine derivatized surface was found to immobilize carbohydrates on the surface after irradiation with UV light and the larger immobilized carbohydrates retained their biorecognition properties.
The phthalimide-derivatized surface has been used to characterize the immunogenic sugar moieties of Bacillus anthracis [21] . A tetrasaccharide composed of a trisaccharide of rhamnopyranosyl units attached to a terminal residue given the name anthrose is O-linked to the glycoprotein BclA expressed on the surface of anthrax spores [39] . The tetrasaccharide and components of the tetrasaccharide were synthesized and photoimmobilized on the phthalimide-amine-coated substrates. The surface-bound tetrasaccharide was found to be specifically reactive with antibodies elicited by anthrax spore immunization indicating that the tetrasaccharide forms an antigenic determinant on the glycoprotein. Inhibition studies showed that an anthrose monosaccharide inhibits reactivity of the antibody towards the tetrasaccharide and other rhamnopyranosyl oligosaccharides containing anthrose, showing that the anthrose residue contributes significantly to the antigenic determinant of the tetrasaccharide. This study illustrates the feasibility of using photogenerated microarrays for studying the immunogenic properties of carbohydrates.
Photogeneration of carbenes and nitrenes
Other carbohydrate microarrays have been prepared by photogenerating carbenes and nitrenes. Carbenes and nitrenes can be generated from diazo compounds and azides by photo-elimination of N 2 as shown in Fig. 3 [27] . The kinds of reactions these intermediates undergo will depend on whether the reaction is initiated from the singlet or triplet state, however both can result in carbon-carbon bond formation. Singlets, which contain more zwitterionic character, can undergo 1,2 sigmatropic shifts, stereospecific insertion into sigma bonds, stereospecific insertion into pi bonds and addition of a nucleophile or electrophile. Triplets contain more diradicaloid character and can undergo atom abstraction reactions, nonstereospecific addition to pi bonds and addition of radicals. Often compounds incorporating caged carbenes and nitrenes contain fluorine substituents which help prevent autoreactivity. An added benefit in terms of surface reactions is that C-F substituents are low energy functional groups that tend to migrate to the solid-air interface in order to decrease interfacial tension, inadvertently making the photoactive group more accessible to an adsorbate [40] . In general this is more of a potential problem for photoactive polymer films rather than more constrained end-functionalized self-assembled monolayers.
Sigrist and colleagues [41] developed aziridine derivatized polysaccharide films for photoimmobilizing underivatized carbohydrates as shown in Fig. 2c [41] . Upon absorption of a photon, the aziridine group loses N 2 to form a highly reactive carbene that can react with the spotted sugars to form a covalent bond. Bacterial exopolysaccharides were photoimmobilized and positively stained by appropriate lectins. Similarly, glycoproteins, neoglycoproteins and cell extracts were immobilized. Oligosaccharide immobilization required conjugation to Fig. 3 Irradiation of diazo compounds and azides results in the loss of N 2 and formation of carbene and nitrene intermediates Fig. 4 Adsorption of photoactive monosaccharides onto polymer films followed by irradiation produces a stable linkage to the surface a protein prior to deposition. The authors point out that the hydrophilic polysaccharide surface resists non-specific protein binding. In addition the polymer film may provide a larger amount of surface area for adsorption of greater amounts of carbohydrates relative to the oftenutilized "two-dimensional" self-assembled monolayer.
The above methods allow for underivatized carbohydrates or carbohydrates lacking an appropriate functional group to be immobilized on a chip. However, the photocoupling sites on the carbohydrates are not specifically defined. For polysaccharides this is less of a concern since they can contain many epitopes. As a sugar decreases in size, the probability of inactivating the functional part of the carbohydrate increases. Statistically one may expect to get a mixture of inactivated and activated sugars in a single spot. For very small sugars that are susceptible to secondary processes that degrade the sugar ring all activity may be annihilated. As has been described above, the photoactive surfaces have been shown to be functional for many carbohydrates, suggesting that at least some of the photoimmobilized carbohydrates within a given microspot retain their activity. Regardless of the percentage of biologically active carbohydrates, a discernable fluorescence signal can be detected after staining with antibodies.
Photoactive carbohydrates
By chemically derivatizing a sugar with photoactive groups, carbohydrates can be site-specifically photo-immobilized. For example, diazirine derivatized mono-and disaccharides (Fig. 4) have been photochemically immobilized on diamond [42] and poly(styrene) [43] . Similarly, mono-and disaccharides derivatized with perfluorophenylazide (PFPA) have been photo-immobilized on PEO films that were photo-immobilized on PFPA monolayers [44] . PFPA loses N 2 upon irradiation to produce a nitrene, which is isoelectronic with carbenes and undergoes similar reactions. Mono-and disaccharides immobilized in this fashion are able to distinguish between different lectins. Although this approach allows a variety of monosaccharides to be immobilized that have discernable signals after staining with lectins, one of the disadvantages of this approach is the need for derivatizing the carbohydrates prior to immobilization. One could imagine combining this approach with one of the above by incorporating photoactive molecules into a polymer. In this way monosaccharides derivatized with photoactive groups could be spotted along with underivatized sugars, resulting in the photogeneration of a large array of active carbohydrates using only photons as reagents. In principle a photomask could be used in conjunction with a spotter to break an individual spot into many very small spots.
In summary, photochemical methods for immobilizing carbohydrate microarrays on a surface allow for a clean and stable binding that can be patterned using either a photomask or robotic spotter. Methods that have been demonstrated include the spotting and immobilization of underivatized sugars and the use of derivatized, photoactive carbohydrates for polymer-coated substrates. The latter has the advantage of site-selective immobilization, but has the disadvantage in that each carbohydrate in the array must be chemically modified prior to deposition. Regardless of the method used to construct the arrays, it is critical to validate whether the biological reactivities of the carbohydrates are preserved on the array substrates.
